ABSTRACT: Four experiments were conducted to determine the interactive effects of pharmacological amounts of Zn from ZnO and Cu from organic (Cu-AA complex; Cu-AA) or inorganic (CuSO 4 ) sources on growth performance of weanling pigs. The Cu was fed for 4 (Exp. 1) or 6 (Exp. 2, 3, and 4) wk after weaning, and Zn was fed for 4 (Exp. 1) or 2 (Exp. 2, 3, and 4) wk after weaning. Treatments were replicated with 7 pens of 5 or 6 pigs per pen . In Exp. 1 and 2, Cu-AA (0 vs. 100 mg/kg of Cu) and ZnO (0 vs. 3,000 mg/kg of Zn) were used in a 2 × 2 factorial arrangement. Only Exp. 1 used in-feed antibiotic (165 mg of oxytetracycline and 116 mg of neomycin per kilogram feed), and Exp. 2 was conducted at a commercial farm. In Exp. 3, sources of Cu (none; CuSO 4 at 250 mg/kg of Cu; and Cu-AA at 100 mg/kg of Cu) and ZnO (0 vs. 3,000 mg/ kg of Zn) were used in a 3 × 2 factorial arrangement. In Exp. 4, treatments were no additional Cu, CuSO 4 at 315 mg/kg of Cu, or Cu-AA at 100 mg/kg of Cu to a diet supplemented with 3,000 mg/kg of Zn from ZnO and in-feed antibiotic (55 mg of carbadox per kilogram of feed). In Exp. 1 and 2, both Zn and Cu-AA improved (P < 0.001 to P = 0.03) ADG and ADFI. No interactions were observed, except in wk 1 of Exp. 2, where Zn increased the G:F only in the absence of Cu-AA (Cu-AA × Zn, P = 0.04). A naturally occurring colibacillosis diarrhea outbreak occurred during this experiment. The ZnO addition reduced (P < 0.001) the number of pigs removed and pig-days on antibiotic therapy. In Exp 3, ADFI in wk 2 was improved by Zn and Cu (P < 0.001 and P = 0.09, respectively) with no interactions. In wk 1, G:F was reduced by ZnO only in the absence of Cu (Cu × Zn, P = 0.03). Feeding Zn decreased fecal microbiota diversity in the presence of CuSO 4 but increased it in the presence of Cu-AA (Cu source × Zn, P = 0.06). In Exp. 4, Cu supplementation improved the overall ADG (P = 0.002) and G:F (P < 0.001). The CuSO 4 effect on G:F was greater (P < 0.001) than the Cu-AA effect. Our results indicate that pharmacological amounts of ZnO and Cu (Cu-AA or CuSO 4 ) are additive in promoting growth of pigs after weaning.
INTRODUCTION
Pharmacological amounts of either Cu or Zn in diets for weaned pigs improve pig growth performance. Cromwell (2001) summarized the results from 23 experiments showing a benefit of 40 g/pig in ADG and about 4% in G:F by dietary supplementation of CuSO 4 . Zinc oxide is the most effective source of Zn for growth promotion in newly weaned pigs when added at between 2,000 and 3,000 mg/kg of Zn (Hahn and Baker, 1993; Smith et al., 1995; Hollis et al., 2005) . Zinc oxide is effective regardless of its relatively poor Zn bioavailability (Mavromichalis et al., 2000; Case and Carlson, 2002) , indicating a local effect of Zn in the intestine rather than a systemic effect.
Zinc and Cu can reduce bacterial populations in the intestine (Højberg et al., 2005) . However, the mode of action of Cu seems to be related to both intestinal Additivity of effects from dietary copper and zinc on growth performance and fecal microbiota of pigs after weaning (Radecki et al., 1992; Zhao et al., 2007) and systemic (Zhou et al., 1994a,b) effects. Thus, the effect of Cu also depends on its bioavailability, as 100 mg/kg of Cu from organic Cu induced similar effects as those observed with 200 mg/kg of Cu from CuSO 4 (Coffey et al., 1994) ; and at the same dose, organic Cu had a greater effect on growth than inorganic Cu (Apgar and Kornegay, 1996) . Differences in the suggested modes of actions between Cu and Zn may lead to additive effects on growth promotion. However, it has been reported that CuSO 4 had no growth-promoting effect in the presence of ZnO (Smith et al., 1997; Hill et al., 2000) . Therefore, a series of 4 experiments was conducted to determine whether dietary Cu and ZnO have additive effects on the performance of newly weaned pigs. The potential additivity of Cu and Zn effects was evaluated using organic and inorganic Cu, under conditions of university research farm and commercial pig production, and in the presence and absence of in-feed antibiotics.
MATERIALS AND METHODS
All procedures were approved by the University of Illinois and Louisiana State University Agricultural Center Institutional Animal Care and Use Committees.
A series of 4 experiments was conducted to determine whether pharmacological doses of dietary Cu and Zn for newly weaned pigs have additive effects on growth promotion. Experiments 1 and 2 used organic Cu and ZnO. Experiment 1 was conducted at the Louisiana State University Agricultural Center experimental farm, and Exp. 2 was conducted at a commercial nursery in central Illinois to gain experimental power and to measure the responses under conditions typical of commercial pig production. Experiments 3 and 4 compared 2 Cu sources, organic and inorganic, on their potential additive effect with ZnO. Experiment 3 was conducted at the University of Illinois research farm, whereas Exp. 4 was conducted at the same commercial nursery and with the same purpose as in Exp. 2.
Experimental Design
Experiment 1 was a randomized complete block design with 4 dietary treatments in a 2 × 2 factorial arrangement of ZnO concentrations (0 vs. 3,000 mg/ kg of Zn) and Cu concentrations (0 vs. 100 mg/kg of Cu). Copper was provided as Cu-AA-complex (Zinpro Corp., Eden Prairie, MN; Cu-AA). All diets contained antibiotic (oxytetracycline added at 165 mg/kg and neomycin at 116 mg/kg of feed; Nutra Blend Corporation, Noesho, MO). Pigs were blocked by BW and sex at weaning. Each treatment was replicated with 2 pens of 7 gilts each and 5 pens of 6 barrows each.
Experiment 2 was a randomized complete block design with 4 dietary treatments as described in Exp. 1. However, this experiment was conducted under conditions of commercial pig production to gain experimental power. No in-feed antibiotic was used. Pigs were blocked by body size at weaning (assessed visually as small, medium, and large) and nursery room. The initial BW by pen was within 5% of the mean within blocks. Each treatment was replicated with 12 pens with 21 pigs each, and sex was balanced within block and pen.
Experiment 3 was a randomized complete block design with 6 dietary treatments in a 2 × 3 factorial arrangement of ZnO concentrations (0 vs. 3,000 mg/kg of Zn) and Cu treatments (none, CuSO 4 to provide 250 mg/kg of Cu, and Cu-AA to provide 100 mg/kg of Cu). No in-feed antibiotic was used. Pigs were blocked by BW at weaning within sex. Each treatment was replicated with 5 pens of 2 gilts and 2 barrows each.
Experiment 4 was a randomized complete block design with 3 dietary treatments created by the addition of 0 mg/kg of Cu, 315 mg/kg of Cu from CuSO 4 , or 100 mg/kg of Cu from Cu-AA. All diets contained 3,000 mg/kg of Zn from ZnO and an antibiotic [carbadox (Phibro Animal Health, Ridgefield Park, NJ) added at 55 mg/kg of feed]. The experiment was conducted under conditions of commercial pig production. Pigs were blocked by body size at weaning and nursery room as described in Exp. 2. Each treatment was replicated with 16 pens with 21 pigs each, and sex was balanced within block and pen.
Animals and Management
Experiment 1 used a total of 176 pigs, weaned at 19.0 ± 1.4 d of age and 5.8 ± 0.4 kg of BW. Pigs were Yorkshire, Yorkshire × Landrace, or Yorkshire × Landrace × Duroc. The BW was recorded individually on weaning day (d 0) and then on d 7, 21, and 28. Experiments 2 and 4 were carried out with 1,008 pigs each assembled from 4 different sow farms with similar genetics, which was a crossbred of sire line 380 (Pig Improvement Company, Hendersonville, TN) to dam line GPK37 (Monsanto Choice Genetics, St. Louis, MO). Pigs were weaned at about 21 d of age and 5.3 kg of BW in Exp. 2 and 5.7 kg of BW in Exp. 4. Each experiment had 48 pens equally distributed in 4 nursery rooms. Pigs were weighed by pen on d 0, 7, 14, 28, and 42. Experiment 3 used a total of 120 pigs, weaned at 20.3 ± 0.5 d of age and 7.0 ± 0.5 kg of BW. Pigs were a crossbred of sire line 337 to dam line C-22 (Pig Improvement Company). The BW was recorded individually on d 0, 7, 14, 28, and 42. These pigs did not receive any antibiotics or vaccines during that period.
Pens used in all experiments were equipped with nipple drinkers and stainless-steel feeders. In Exp. 1 and 3, the pens had hard plastic slotted flooring, and those used in Exp. 2 and 4 had plastic-coated expanded metal floors. Room temperature, ventilation, and light were controlled automatically according to the standard procedures at each location. In Exp. 2 and 4, the number and BW of pigs removed were recorded. Causes of removal were mortality and poor health. Poor health was defined as unthrifty, sick pigs unresponsive to antibiotic therapy, as observed by the worker responsible for the nursery facility. A daily record of pigs that received antibiotic therapy via intramuscular injection was also kept and summarized as pig-days in antibiotic therapy per pen. Those 2 variables of response were not recorded in Exp. 1 and 3 because neither sickness nor mortality occurred. Pigs that received antibiotic therapy were selected by visual observation of signs of disease such as minimal activity, diarrhea, and coughing, according to standard farm practices. The antibiotics were always administered for at least 3 consecutive days. Pigs that received at least 6 injections with antibiotic and showed no improvement were removed from the experiment on the next weighing day. In Exp. 2, nearly 50% of the pigs in 1 nursery room were identified as ill. Therefore, all pigs in Exp. 2 received antibiotic through the drinking water (neomycin sulfate, Neomycin 325 Soluble Powder, Bimeda Inc., Le Sueur, MN, 147 mg/L of water to provide about 22 mg of neomycin sulfate per kilogram of BW), in addition to the intramuscular injection of antibiotic described previously. The attending veterinarian selected a sample of ill pigs for necropsy before they received medical therapy to diagnose the etiology. The diagnosis included histopathological analysis of lesions in the intestine and pathogen identification through amplification and detection of target sections of DNA by PCR. The diagnosis confirmed histological lesions throughout the intestine, and the pathogen identification analysis confirmed infection with a β-hemolytic Escherichia coli, F-18, capable of producing the heatlabile toxin, heat-stable toxin b, and Shiga-like toxin II. All diagnoses were done at the Veterinary Diagnostic Laboratory, University of Illinois College of Veterinary Medicine.
Diets and Feeding
In Exp. 1, the Cu and Zn were added to the diets by their direct addition at the expense of sand (Table  1 ). In Exp. 2, 3, and 4, the Cu and Zn were directly added to the diets (Table 2 ). In Exp. 1, both Zn and Cu were added during the entire 4-wk period. In Exp. 2, 3, and 4, Zn was added during the first 2 wk and Cu was used during the entire 6-wk period. The organic Cu in all experiments was provided as Cu-AA, which is a metal-AA complex (definition 57.150; AAFCO, 2008) , with a minimum guaranteed concentration of 10% Cu. The source of CuSO 4 in Exp. 3 was acidified Cu sulfate with a minimum guaranteed concentration of 20% Cu (ADM, Decatur, IL). The source of CuSO 4 in Exp. 4 was feed-grade CuSO 4 ·5H 2 O with a minimum guaranteed concentration of 25.2% Cu (QUIMAG, Jalisco, Mexico). Zinc was always provided from feed-grade ZnO (Zinc Nacional, Monterrey, Mexico) with a minimum guaranteed concentration of 72% Zn manufactured by the Waelz process. All diets were analyzed for total Cu and Zn concentration (Table 3) by inductively coupled plasma atomic emission spectrometry (procedure 3.2.06; AOAC, 2000) and for N concentration by combustion analysis (procedure 990.03; AOAC, 2000) .
The feeding program in Exp. 1 consisted of 3 phases. Phases 1 and 3 were offered for 1 wk each and phase 2 for 2 wk. The composition of diets changed progressively across feeding phases, from inclusion of several ingredients to only corn and soybean meal fortified with minerals and vitamins. In Exp. 2, 3, and 4, similar basal diets were used throughout with a common feeding program consisting of 4 phases. Phases 1 and 2 were offered for 1 wk each and phases 3 and 4 for 2 wk each. In all experiments within phases, diets were for- Zinc and Cu were added at pharmacological amounts to the diet in place of sand. Phases 1 and 3 were fed for 1 wk each, and phase 2 for 2 wk. Diets were manufactured at the university's feed mill. mulated to have the same nutrient content and to meet or exceed the nutrient recommendations indicated by NRC (1998). Chemical composition of feed ingredients and percentages of digestibility were taken from NRC (1998), except soybean meal used in Exp. 2, 3, and 4, for which values were taken from the Soy in Animal Nutrition Database (Kusina et al., 2008) . Amino acid supply was calculated on a standardized ileal digestibility basis. In Exp. 1 and 3, all diets were offered in meal form. In Exp. 2 and 4, diets for phases 1 and 2 were in Zinc and Cu were added at pharmacological amounts directly to the diet. Experimental diets within phases were formulated to have the same nutrient content on a least-cost basis. In Exp. 4, carbadox (Phibro Animal Health, Ridgefield Park, NJ) was added at the expense of corn at 55 mg/kg of diet to all treatments. Phases 1 and 2 were fed for 1 wk each, and phases 3 and 4 for 2 wk each. Spray-dried animal plasma (AP-920, APC Co., Ankeny, IA). Zinc and Cu were added at pharmacological amounts at the expense of sand in Exp. 1, and directly added to the diet in Exp. 2, 3, and 4. Used for the entire 4-wk experimental period in Exp. 1, and for the 6-wk period in Exp. 2, 3, and 4.
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Used for the entire 4-wk experimental period in Exp. 1, and during wk 1 and 2 in Exp. 2, 3, and 4. mini-pellet (3 mm) form and the remaining diets were in meal form. Diets were manufactured at the feed mills of Louisiana State (Exp. 1) and University of Illinois (Exp. 2, 3, and 4), except for diets in phase 4 in Exp. 2, and phases 3 and 4 in Exp. 4, which were manufactured at the feed mill of the commercial farm. Creep feed was not offered to pigs before weaning. Feed and water were always offered to allow ad libitum intake. Feed intake was measured by feed disappearance. Feed weight was recorded every time it was added to feeders, and orts were weighed on d 7, 14, 28, and 42.
Microbial Analysis
In Exp. 3, bacterial populations in feces were assessed by counting the total number of bacterial cells and by the analysis of a microbial profile. On d 14, fresh fecal samples were collected from 1 randomly selected pig per pen. Samples were harvested directly from the anus, placed in 10-mL plastic tubes, and kept on ice for up to 3 h before being processed.
The total number of bacterial cells was measured by direct microscopic counts of gram-stained cells in feces diluted in distilled water at 10 2 , 10 3 , or 10 4
, and expressed as the logarithm of counts per gram of fresh feces, as described by Miguel (2005) . The bacterial profile was analyzed by denaturing gradient gel electrophoresis (DGGE). This method separates the bacterial DNA in a gel and shows distinct bands for different bacterial species. This is achieved by replication of the V3 region of the bacterial 16S ribosome (Simpson et al., 2000) by PCR. The resultant banding patterns were compared between pairs of pigs using Sorenson's similarity values (Cs) and analyzed as described by Collier et al. (2003) . The Cs values range from 0 to 100 to measure the similarity of banding patterns between 2 pigs. A Cs value of 100 indicates identical bands between that pair of pigs, whereas a Cs value of 0 indicates no common bands. The Cs values were computed both within (intratreatment) and between (intertreatment) treatments.
Statistical Analysis
Data for all experiments were analyzed as a randomized complete block design. Data were analyzed using the MIXED procedure (Littell et al., 1996 ; SAS Inst. Inc., Cary, NC). Treatment was a fixed effect, and BW or BW and room block were considered random effects. The experimental unit was the pen of pigs for all data. The ADG, ADFI, and G:F data in wk 1 through 6 were analyzed as repeated measures in time. The FirstOrder Autoregressive covariance model was used to fit the structure of the data. The selection of covariance model was based on graphic visualization of the data structure, number of parameters estimated, values from fit statistics, and normal distribution of residuals. Treatment means were calculated by the LSMEANS procedures. Homogeneity and normal distribution of the data were confirmed by analysis of the residuals using the PROC UNIVARIATE function of SAS. No extreme outliers were detected. The only exceptions were pigs removed and pig-days in antibiotic therapy, which were not distributed normally and had extreme outliers; therefore, those 2 variables were analyzed by a nonparametric analysis using the PROC NPAR1WAY procedure of SAS.
In Exp. 1 and 2, main effects of Zn and Cu and the interaction between Zn and Cu were evaluated. In Exp. 3, 5 preplanned contrasts were used to test 1) the main effect of ZnO, 2) the main effect of Cu supplementation (both organic and inorganic), 3) the effect of Cu source, 4) the Cu supplementation by ZnO interaction, and 5) the Cu source × ZnO interaction. Because orthogonal contrast 4 is a direct comparison of the Cu effect (from both inorganic and organic sources) in the absence vs. in the presence of ZnO, a lack of interaction would mean that the Cu effect is additive to the ZnO effect. Similarly, orthogonal contrast 5 is a direct comparison between Cu sources in the presence vs. in the absence of ZnO. To determine whether or not the intestinal bacterial populations changed among dietary treatments, the inter-and intratreatment Cs values were compared by contrast analysis. As an intertreatment Cs value represents the similarity in DGGE banding patterns between 2 treatments, each intertreatment Cs value was compared against the intratreatment Cs value mean of those 2 corresponding treatments. In Exp. 4, 2 preplanned orthogonal contrasts were used to test the effect of Cu supplementation and the difference between the 2 Cu sources.
RESULTS

Exp. 1
The additions of ZnO or Cu-AA increased (P < 0.05) ADG and ADFI in wk 2 and 3, and overall (Table 4) 
Exp. 2
The additions of ZnO or Cu-AA increased (P < 0.05) ADG and ADFI in wk 5 and 6, and overall (Table 5) The positive responses to Cu-AA and ZnO observed in ADFI were similar to those described in ADG. Only ZnO increased ADG in wk 1 and 2 (P < 0.02 and 0.001, respectively), ADFI in wk 2 (P < 0.001), and G:F in wk 2 and overall (P < 0.001). Both Cu-AA and ZnO addition improved G:F in wk 1, but that effect was not additive (Cu-AA × ZnO, P = 0.04).
A naturally-occurring colibacillosis diarrhea outbreak occurred. Diagnostics confirmed an infection with β-hemolytic Escherichia coli F-18. The outbreak started at the end of wk 1 postweaning and peaked in wk 2, but the greatest number of pigs removed from the experiment occurred during wk 3 and 4. Dietary supplementation with ZnO reduced (P < 0.001) both the number of pigs removed from the experiment and the number of pig-days in antibiotic therapy at any time after infection (Table 6 ).
Exp. 3
During the first week postweaning, addition of ZnO to diets had a negative effect on ADG and G:F (Table  7 ). The G:F was reduced by ZnO only in the absence of Cu (Cu × Zn, P = 0.03). In the same period, Cu supplementation increased (P < 0.01) G:F by 231 g/kg and no differences between Cu sources were detected. In contrast, during wk 2, the ZnO addition improved (P < 0.001) ADG by 123 g/d. Pigs fed Cu-AA had greater ADG (58 g/d more; P = 0.02) than those fed CuSO 4 . Also in wk 2, ADFI was increased by both ZnO (77 g/d; P < 0.001) and Cu supplementation (43 g/d; P = 0.09), but no differences between Cu sources were detected. Zinc oxide and Cu supplementation did not interact (ADG, P = 0.83 and ADFI, P = 0.39), indicating additivity of those effects. Copper supplementation increased ADFI by 65 g/d in the absence of ZnO and by 21 g/d in the presence of ZnO. No Cu source × ZnO interaction was detected, indicating that the ZnO effect was not different between Cu sources. Zinc oxide increased (P < 0.001) ADFI by 64 g/d in pigs fed CuSO 4 and by 61 g/d in pigs fed Cu-AA. Dietary Cu supplementation increased ADG and ADFI in wk 3 and 4 (76 and 119 g/d, respectively; P < 0.001) and overall (39 and 51 g/d, respectively; P < 0.01).
There were no (P = 0.87 to 0.97) dietary main effects on bacterial cell counts per gram of feces (Table  8) . However, the number of DGGE bands was reduced by ZnO in the presence of CuSO 4 but increased in the presence of Cu-AA (Cu source × ZnO, P = 0.06). There is no evidence that dietary treatments changed the fecal microbiota because the analysis of intertreatment Cs values (similarity of microbial ecology across treatments) against their corresponding intratreatment Cs values were not different (Table 9 ).
Exp. 4
Dietary Cu supplementation, regardless of source, increased (P = 0.002) the overall ADG by 20 g/d in Zinc × time interactions: ADG, P < 0.02; ADFI, P < 0.08; and G:F, P < 0.05. Copper × time interactions: ADG, P < 0.10; and ADFI, P < 0.05. The SEM is 13 for the weekly data analyzed over time and 13 for the overall data. The SEM is 22 for the weekly data analyzed over time and 14 for the overall data. The SEM is 20 for the weekly data analyzed over time and 17 for the overall data.
Additivity of copper and zinc on pig performance the presence of dietary ZnO and antibiotic (Table 10) . Also, Cu supplementation increased ADG by 35 g/d in wk 2 (P < 0.01) and by 25 g/d in wk 3 and 4 (P = 0.07). The response to CuSO 4 in ADG wk 2 was greater (27 g/d; P = 0.08) than that to Cu-AA. The G:F was increased by Cu supplementation in wk 2 (67 g/kg; P < 0.01) and overall (27 g/kg; P < 0.001). The response to CuSO 4 in G:F overall was greater (24 g/kg; P < 0.001) than that to Cu-AA. In wk 1, neither ADG nor ADFI were affected by Cu supplementation; however, it reduced G:F (P < 0.01) and that effect was stronger with Cu-AA (P = 0.03). No antibiotics were added to diets. Zinc was fed during the first 2 wk after weaning and Cu during the entire 6-wk period. Cu-AA-complex (Zinpro Corp., Eden Prairie, MN).
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Copper × time interaction: G:F, P < 0.08. The SEM is 16 for the weekly data analyzed over time and 12 for the overall data. The SEM is 19 for the weekly data analyzed over time and 17 for the overall data. The SEM is 47 for the weekly data analyzed over time and 8 for the overall data. No antibiotics were added to the diets. Zinc was fed during the first 2 wk after weaning and Cu during the entire 6-wk period.
3
Data were not normally distributed and therefore were analyzed by Wilcoxon test. The P-values are based on the transformed data for the main effects of Zn and Cu. No antibiotics were added to diets. 
DISCUSSION
The results of Exp. 1 through 4 indicate that dietary ZnO and Cu, from either CuSO 4 or Cu-AA, improved growth performance of weanling pigs and that the responses were additive, with few exceptions. The exceptions were negative responses in wk 1 to ZnO (ADG and G:F in Exp. 3) and Cu supplementation (G:F in Exp. 4). In Exp. 4, Cu supplementation did not affect ADG or ADFI in wk 1. The negative effect in G:F was a consequence of numerical differences among treatments in the ratio. In contrast, Cu supplementation increased ADG by 16% and G:F by 8% in wk 2. The negative response to ZnO (Exp. 3) was followed by a Intertreatment SEM = 1.87. Analysis of fecal microbiota similarity among dietary treatments. Each intertreatment Cs value was compared against the mean of its 2 corresponding intratreatment Cs values by contrast; no differences were observed. Values are least squares means of 10 comparisons within treatments and 25 comparisons across treatments. 2 Zinc was fed during the first 2 wk after weaning and Cu during the entire 6-wk period. The antibiotic was carbadox (Phibro Animal Health, Ridgefield Park, NJ), added to all treatments at 55 mg/kg of diet.
3 Cu-AA-complex (Zinpro Corp., Eden Prairie, MN). 4 Repeated measures analysis. Time effect: ADG, ADFI, and G:F, P < 0.001. 5 Copper × time interactions: ADG, P < 0.05; and G:F, P < 0.01. 6 Copper source × time interaction: G:F, P < 0.05. 7 The SEM is 11 for the weekly data analyzed over time and 11 for the overall data. 8 The SEM is 16 for the weekly data analyzed over time and 16 for the overall data. 9 The SEM is 19 for the weekly data analyzed over time and 4 for the overall data.
strong positive response (45% increment in ADG) in wk 2. Similar patterns of response to Zn have been observed, in which the inclusion of dietary Zn increased ADG from 25% (Schell and Kornegay, 1994) up to 60% (Katouli et al., 1999; Case and Carlson, 2002) in wk 2 postweaning. Hahn and Baker (1993) suggested that newly weaned pigs may not have the capacity to clear excess Zn from their body, so that Zn in plasma may increase enough to reduce growth. The Exp. 2 data showed a positive response to Zn in ADG during the first week postweaning, which agrees with data reported by Hill et al. (2000) and Mavromichalis et al. (2000) . Moreover, the Exp. 2 data also showed that Zn increased ADG by 70% in wk 2. The data from our 4 experiments consistently showed that dietary Cu and Zn have additive effects in growth promotion. Carlson et al. (1995) conducted a series of Zn × Cu experiments that used 3,000 mg/kg of Zn from ZnO and 250 mg/kg of Cu from CuSO 4 . They reported that the combination of both minerals was effective in promoting pig growth through wk 3 after weaning, although ADG in wk 4 was greater in pigs fed only ZnO. Their report did not mention a lack of additivity between Zn and Cu. In contrast to our results, some authors reported no additivity of effects on pig performance, with 3 patterns of response: lack of Cu and Zn effect on growth (Hedemann et al., 2006) , response to Zn but not to Cu (Smith et al., 1997) , and response to both minerals but no additivity (Hill et al., 2000) . In the first case, lack of response to Cu and Zn (Hedemann et al., 2006) , the authors suggested it was probably due to the small number of observations (32 pigs total) and the fact that newly weaned pigs were housed individually. In the second case, response to Zn but not to Cu (Smith et al., 1997) , the ADG values reported from commercial farms were greater than those reported by us in similar conditions (Exp. 2 and 4). The ADG through wk 2 was, on average across treatments, 62% greater in their experiments than ours. Greater BW gain implies pigs are expressing more of their potential to grow and consequently growth-promoting additives may be less efficacious in those pigs. The third case, response to Zn and Cu but no additivity (Hill et al., 2000) , was a regional study with the same experiment conducted at 12 research stations. It was reported that ZnO and CuSO 4 were effective but not additive in promoting pig growth, although both minerals were additive in promoting G:F during the second week postweaning.
The additivity of Zn and Cu effects that we consistently observed among experiments can be explained as the sum of their different effects to promote growth. The mode of action of Zn seems to be restricted to the intestine, whereas Cu may also exert a systemic effect. The administration of Zn via intramuscular and intraperitoneal injection did not increase ADG in pigs with reduced growth (Schell and Kornegay, 1994) , whereas Cu administered via intravenous injection stimulated pig growth (Zhou et al., 1994a) . The growth response to Zn has been attributed to a greater Zn concentration in intestinal cells regulated by the protein metallothionein (Carlson et al., 1999) . In contrast, Cu may also have a systemic effect on growth mediated by the expression of GH mRNA (Zhou et al., 1994b) , and by stimulating feed intake regulated by the neuropeptide Y in the hypothalamus (Li et al., 2008) . Growth promotion in response to dietary Zn was not affected by Zn bioavailability (Mavromichalis et al., 2000; Case and Carlson, 2002; Hollis et al., 2005) . However, growth in response to Cu has been shown to be affected by both Cu dose and its bioavailability (Coffey et al., 1994; Apgar et al., 1995; Cromwell et al., 1998) .
In Exp. 2 and 4, dietary Cu and Zn had additive effects in increasing G:F. Those were the experiments with more experimental power in our study. Similarly, a regional study (Hill et al., 2000) showed that Cu and Zn were additive in improving G:F in the second week postweaning. Both minerals have local effects in the intestine that may yield more nutrients available for the host, through mechanisms that resemble the proposed mode of action of growth-promoting antibiotics. Zinc oxide and Cu may have both additive and independent effects reducing the concentrations of specific bacterial populations (Højberg et al., 2005) and increasing stability of intestinal microbiota (Katouli et al., 1999; Namkung et al., 2006) . Additionally, Cu may reduce the activation of immune system (Shurson et al., 1990) , slow the turnover rate of intestinal mucosa (Radecki et al., 1992) , and reduce the crypt depth (Zhao et al., 2007) . Reduced microbial load indicates fewer nutrients are required to support bacterial growth (Collier et al., 2003) . A more stable intestinal microbiota may save nutrients for the host growth by reducing the activation of immune system and the requirement for maintenance of intestinal tissues. Also, the intestinal wall becomes thinner and that may facilitate nutrient uptake (Jensen, 1998; Gaskins et al., 2002) . The sum of these effects may explain the greater feed efficiency observed with Cu and Zn.
The Exp. 3 data showed an interaction between Cu source and Zn in bacterial diversity, as measured by the number of DGGE bands. Neither ZnO, CuSO 4 , nor Cu-AA affected bacterial diversity, but the combination of ZnO and CuSO 4 reduced bacterial diversity. Similarly, Namkung et al. (2006) observed that ZnO modified the colonic microbiota profile with no change in its diversity, whereas Cu modified the microbiota profile and reduced its diversity in the ileum and colon. Also in both sections, the microbial profile was different between Zn and Cu. We failed to detect changes in bacterial load and in bacterial profiles among treatments, which disagrees with previous observations (Højberg et al., 2005; Namkung et al., 2006) . However, those previous observations used digesta samples from different sections of the intestine. The bacterial count in fecal samples in the current experiments does not distinguish between live and dead cells. Also, our analysis of bacterial profile does not identify the bacterial species that make that profile. Thus, the combination of fecal samples and bacterial analysis that we used was probably not sensitive enough to detect differences among the dietary treatments.
In Exp. 2, conducted under conditions of commercial pig production, dietary ZnO supplementation was effective in improving pig health under a naturally occurring diarrhea outbreak due to E. coli. This effect agrees with previous observations showing that dietary ZnO reduced nonspecific diarrhea after weaning (Poulsen, 1995; Carlson et al., 2004) , diarrhea in pigs challenged with E. coli K88 (Owusu-Asiedu et al., 2003) , and mortality in nursery pigs produced under commercial conditions (Tokach et al., 2000) . The mode of action of Zn to reduce diarrhea has been suggested through several mechanisms, including a reduced secretory capacity in small intestinal epithelium mediated by the secretagogues theophylline and serotonin (Carlson et al., 2004) ; protection of intestinal cells by preventing disruption of membrane integrity, inhibiting bacterial adhesion and invasion, and reducing cytokine-induced inflammation (Roselli et al., 2003) ; as well as decreasing the stress response to E. coli by reducing plasma cortisol in response to lipopolysaccharide (Namkung et al., 2006) . Furthermore, it has been proposed that ZnO may prevent septicemia by reducing translocation from small intestine to mesenteric lymph node of E. coli, enterococcus (Huang et al., 1999) , anaerobes, and lactic acid bacteria, along with an increased concentration of intestinal IgA (Broom et al., 2006) . Experiments 1 and 4 showed additive effects in growth promotion from dietary Zn and Cu in the presence of antibiotics. This evaluation is important because both minerals have effects that resemble the mode of action of growth-promoting antibiotics. The effect of ZnO in the presence of antibiotics has previously been demonstrated (Hahn and Baker, 1993; Hill et al., 2000; Hollis et al., 2005) , as well as the effect of Cu supplementation in the presence of antibiotics (Stahly et al., 1980; Roof and Mahan, 1982; Edmonds et al., 1985) .
The smaller concentration of Cu from Cu-AA that was used in this research was based on previous observations showing that organic sources of Cu, such as Cu-AA-complex, can be used at reduced concentrations to achieve similar effects as those from CuSO 4 when used at 200 mg/kg of Cu (Coffey et al., 1994; Apgar et al., 1995) . In the present study, 100 mg/kg of Cu from Cu-AA was generally as effective as 250 or 315 mg/kg of Cu from CuSO 4 in promoting growth. The only exception was G:F during wk 1 and overall, where CuSO 4 was superior to Cu-AA in 1 of the 2 experiments. The reason for the inconsistency across experiments is unknown. Using smaller concentrations of organic Cu to promote growth provides an ecological advantage because it results in less Cu excreted in the manure.
In summary, our results indicate that dietary ZnO and Cu supplementation, from either source CuSO 4 or Cu-AA, have additive effects on growth promotion after weaning. A few exceptions were observed in wk 1 when Zn and Cu supplementations induced some negative responses in pig performance; however, those responses turned positive in the next week. The additive effects from dietary Cu and Zn were observed in the presence and in the absence of in-feed antibiotics, as well as in conditions typical of commercial pig production. Dietary Cu-AA used at 100 mg/kg of Cu and CuSO 4 used at 250 or 315 mg/kg of Cu promoted growth to a similar extent.
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